Anticancer phospholipids that inhibit Akt such as the alkylphospholipid perifosine (Per) and phosphatidylinositol ether lipid analogs (PIAs) promote cellular detachment and apoptosis and have a similar cytotoxicity profile against cancer cell lines in the NCI60 panel. While investigating the mechanism of Akt inhibition, we found that short-term incubation with these compounds induced rapid shedding of cellular nanovesicles containing EGFR, IGFR and p-Akt that occurred in vitro and in vivo, while prolonged incubation led to cell detachment and death that depended on sphingomyelinase-mediated generation of ceramide. Pretreatment with sphingomyelinase inhibitors blocked ceramide generation, decreases in phospho-Akt, nanovesicle release and cell detachment in response to alkylphospholipids and PIAs in non-small cell lung cancer cell lines. Similarly, exogenous ceramide also decreased active Akt and induced nanovesicle release. Knockdown of neutral sphingomyelinase decreased, whereas overexpression of neutral or acid sphingomyelinase increased cell detachment and death in response to the compounds. When transferred in vitro, PIA or Per-induced nanovesicles increased ceramide levels and death in recipient cells. These results indicate ceramide generation underlies the Akt inhibition and cytotoxicity of this group of agents, and suggests nanovesicle shedding and uptake might potentially propagate their cytotoxicity in vivo. Cell Death and Disease (2012) 3, e340; doi:10.1038/cddis.2012.72; published online 5 July 2012
Subject Category: Cancer
Akt has a central role in the phosphoinositide-3-kinase (PI3K)/ Akt signaling pathway that controls cellular processes integral in the development of cancer including growth, metabolism and survival. As Akt promotes therapeutic resistance and is active in a majority of human cancers, inhibitors are being developed as cancer therapeutics. Akt is activated in response to the lipid products of class I PI3K, PI3,4P 2 (PIP2) and PI3,4,5 P 3 (PIP3). Once synthesized, PIP2 and PIP3 attract Akt to the plasma membrane through binding to the pleckstrin homology (PH) domain of Akt. This promotes a conformational change, allowing it to be phosphorylated on T308 by PDK-1 and at S473 by the rictor/mTOR complex. Once phosphorylated, Akt dissociates from the plasma membrane and moves to various cellular compartments where it phosphorylates downstream substrates.
Most Akt inhibitors in development target the ATP-binding region, whereas lipid-based inhibitors such as phosphatidylinositol ether lipid analogs (PIAs) and the alkylphospholipids perifosine (Per) and miltefosine were designed to interfere with the PH domain of Akt. In addition to decreasing active Akt, PIAs have pleiotrophic effects in cancer cells including p38 and AMPK activation, p21 and RhoB induction, 1-4 cellular detachment and apoptosis. In vitro, PIAs are broadly cytotoxic and share a similar cytotoxicity pattern with alkylphospholipids. 5 Per also inhibits Akt, and is currently being evaluated in phase III clinical trials. In addition, alkylphospholipids can activate JNK, target cell membranes, induce p21 in a p53-independent manner and disturb lipid rafts. 6 Single-agent activity with Per has been observed in sarcoma and Waldenstrom Macroglobinulemia (WM) patients. However, the poor response rates of a majority of common solid tumors to Per as a single agent has lowered expectations and prompted further investigation into its mechanism of action. 6 In this study, we show both types of compounds stimulate release of nanovesicles containing active Akt, EGFR and IGF-IR and the tetraspanins CD151 and CD81 from tumor cells in vitro and in vivo through sphingomyelinase-mediated generation of ceramide. PIA and Per induced decreases in P-Akt, cell detachment and death also depended on ceramide generation. Our data suggests ceramide is a crucial mechanism that ties together many of known activities of these agents. As ceramide induction is required for cytotoxicity, the status of intratumoral sphingolipid metabolism may determine clinical response.
Results
PIAs inhibit EGF-and IGF-I-stimulated pathway activation and decrease expression of EGFR and IGF-IR. Our initial aim was to investigate whether PIAs could inhibit growth factor induced, as well as endogenous Akt activation in cancer cells. To assess this, H157 cells were pre-treated with PIA5 (P5) then stimulated with EGF and harvested for immunoblotting (Figure 1a) . EGF increased p-EGFR and p-Akt S473, but decreased the amount of total EGFR. Pretreatment with P5 diminished the EGF-induced increase in p-Akt at S473 and T308, and also unexpectedly decreased the phosphorylation of EGFR. P5 alone decreased total EGFR levels to a similar extent as EGF treatment, while the combination of PIA plus EGF caused the greatest decrease in total EGFR. Similar results were obtained with IGF-I stimulation (Figure 1b) . P5 pretreatment inhibited IGF-I-stimulated p-Akt, p-IGFR, and decreased the total level of IGF-IR without affecting total Akt. These data suggest PIAs have effects on membrane proteins proximal to the PI3K/Akt pathway, and that PIA-induced Akt inhibition may be due in part to depletion of growth factor receptor activation that is upstream of Akt.
To confirm that PIAs decrease expression of EGFR and IGF-IR, time course experiments were performed in three non-small cell lung cancer (NSCLC) cell lines (Figure 1c ). In each cell line, P5 caused a rapid and progressive decrease in EGFR and IGF-IR. This correlated with a decrease in p-Akt (S473) but not total Akt. PIAs also caused an early and sustained phosphorylation of p38, which is a known activity of PIAs that is independent of Akt inhibition. 2 This suggests that loss of EGFR and IGFR expression by PIAs is a common cellular response.
PIAs, Per and a cholesterol-depleting agent, but not a PI3K inhibitor, decrease growth factor receptor expression and activate p38. To assess whether decreases in EGFR and IGF-IR expression were common to all known active PIAs or to other inhibitors of the PI3K/Akt pathway, P5,6,23,24 and 25 were compared against Per or a PI3K inhibitor (LY294002 (LY)). Methylcyclodextrin (MCD), a cholesterol chelator that is commonly used to disrupt lipid rafts and decreases p-Akt, 7 was also included. By 1 h, all active PIAs and Per decreased total EGFR and IGF-IR levels, inhibited Akt phosphorylation and increased p38 phosphorylation (Figure 2 ). In contrast, LY decreased Akt phosphorylation but did not affect EGFR, IGF-IR or p-p38 at any of the time points examined. MCD had similar effects as PIAs, but with different kinetics. MCD decreased p-Akt by 1 h, but only caused activation of p38 and decreased expression of EGFR and IGF-IR at 4 h. These data indicate that loss of EGFR and IGF-IR is a common feature of lipidbased Akt inhibitors that is not shared with other pathway inhibitors, and that PIAs and Per inhibit Akt in a PI3K-independent manner. The similarity of effects between PIAs, Per and MCD suggests that some of the effects of the lipidbased Akt inhibitors could be through disruption of lipid rafts or membrane structure. Figure 1 P5 blocks growth factor stimulation of P-Akt and decreases the expression of growth factor receptors in NSCLC cells. (a) P5 inhibits EGF-stimulated P-EGFR, P-Akt and decreases total EGFR levels. H157 cells were pre-treated with 10 mM P5 or DMSO (D) for 30 min followed by stimulation with 100 ng/ml EGF for 15 min. Immunoblotting of cell lysates was performed as in the Materials and Methods section. (b) P5 inhibits IGF-I-stimulated Akt and IGF-IR phosphorylation and decreases total IGF-IR expression. H157 cells were pre-treated with P5 as in A, followed by stimulation with 50 nM IGF-I for 15 min, followed by immunoblotting. (c) P5 treatment increases P-p38 and causes rapid decreases in total EGFR, IGF-IR and P-Akt, but does not decrease total Akt levels. H157, A549 and H460 NSCLC cells were treated with 10 mM P5 for the indicated times and analyzed by immunoblot Full-length EGFR, IGF-IR and P-Akt are present in the media of PIA and Per-treated, but not vehicle-treated cells. The loss of EGFR and IGFR expression suggested these proteins were possibly being degraded. However, pretreatment with a proteasome inhibitor (Supplementary Figure S2A) or a lysosome inhibitor (Supplementary Figure S2B) failed to block the loss of EGFR or IGFR by PIAs. Therefore, secretion of these proteins into the culture media was assessed. Media from cells treated with DMSO, P5, Per or MCD for 1 h were collected and concentrated, then immunoblotting of a portion of the media and cell lysates was performed (Figure 3a) . In A549 and H157 cells, P5 or Per decreased levels of EGFR and IGF-IR in the cell lysates, and increased their levels in the media. As the electrophoretic mobility of the proteins did not change, which would imply proteolysis, we hypothesized these proteins might be co-localized in shed vesicles. Differential centrifugation was used to separate media contents. Media components were separated by a series of low-speed spins to remove floating cells and debris, followed by ultracentrifugation at 100 000 Â g for 1 h. The remaining 100 000 Â g supernatants were concentrated and separated via SDS-PAGE electrophoresis, along with the 100 000 Â g media pellet and the cell lysate (Figure 3b ). Following centrifugation, EGFR, IGFR and p-Akt, but not p-p38 were concentrated in the 100 000 Â g pellet from PIA and Per, but not vehicle or LY-treated cells, suggesting that PIAs and Per caused EGFR, IGF-IR and P-Akt release in a vesicle.
To assess the location of subcellular contents after PIA or Per treatment, an equal quantity of protein from each of the media pellets were loaded on a SDS-PAGE gel for immunoblotting (Figure 3c) . Markers of the early endosome (EEA1), lysosome (lamp2), endoplasmic reticulum (bip), nucleus (lamin A/C) and mitochondria (cox IV) were present in the cell lysate and the 300 Â g pellet (which represents the floating cells), but were absent from the 10 000 Â g and 100 000 Â g pellets. The 10 000 and 100 000 Â g pellets were highly enriched in CD151 and CD81, tetraspanins that are indicators of nanovesicles derived from an endosomal origin, 8 as well as a marker of lipid rafts, Gia2. 9 Treatment of H460 and A549 cells with P5 or Per caused a similar release of EGFR, IGF-IR, Gia2, CD151, p-Akt and CD81 that was captured primarily in the 100 000 Â g pellets (Supplementary Figure S3) .
PIA and Per-induced nanovesicle release does not depend on active Akt. Since Akt has a role in GLUT vesicle trafficking, the role of Akt in PIA and Per-induced vesicle release was assessed. H157 cells were pre-treated with LY, followed by P5 or Per treatment for 1 h (Supplementary Figure S4) . Although LY decreased p-Akt in the cell lysate, it did not alter the ability of P5 or Per to increase levels of EGFR, IGFR, total Akt, CD151 or CD81 in the media, indicating that active Akt is not required for vesicle release induced by these compounds.
Rapid visualization of nanovesicles released by lipidbased Akt inhibitors. To visualize the release of vesicles in real-time, live H157 cells were stained with FM 1-43X and imaged by time-lapse confocal microscopy. Addition of P5 increased release of fluorescent vesicles into the media within 15 s (Supplemental videos S1 and S2). To determine the morphology of these nanovesicles, transmission electron microscopy of the 100 000 Â g media pellet from 1 h P5-and Per-treated H157 cells was performed (Supplementary Figure S5) . The micrographs revealed that the pellets contained heterogeneous vesicles whose diameters ranged between 50 nM and 1 mM. These results show these compounds rapidly induce the release of nanovesicles from cancer cells.
Role of ceramide. Ceramide has been implicated in multivesicular endosome production and release of exosomes. 10 To assess whether P5 might increase nanovesicle release through ceramide generation, cellular ceramide was measured using a diacylglycerol kinase assay (Supplementary Figure S7 ). P5 increased ceramide levels by twofold. PIA7, an inactive analog, 1 did not increase ceramide levels. Ceramide was also assessed via immunofluorescent staining using an anti-ceramide antibody (Figure 4a ). Treatment of H157 cells with PIA23, Per and miltefosine for 6 h markedly induced ceramide in the cells, as indicated by the increased red color. This induction was blocked by pretreatment with a neutral sphingomyelinase (SMPD3) inhibitor (GW4869), or acid sphingomyelinase (SMPD1) inhibitor (desipramine), suggesting that ceramide induction is through activation of sphingomyelinases and not de novo synthesis. To confirm that sphingomyelinases were being activated, sphingomyelinase activity was measured. Treatment of H157 cells with P5 and Per for 1 h significantly increased sphingomyelinase activity at pH 7, and this was blocked by GW4869 pretreatment (Figure 4b ). In contrast, none of the compounds significantly increased sphingomyelinase activity at pH 5 after 1 h, however, there was a trend toward an increase with both Per and miltefosine that could be blocked by desipramine pretreatment ( Figure 4c ). As GW4869 and desipramine are reported to inhibit different isoforms of sphingomyelinase, Figure 3 (a) EGFR, IGF-IR and P-Akt are present in the extracellular media following P5 or Per treatment. A549 and H157 cells were treated with DMSO (D), P5, Per or MCD for 1 h; cell culture media were concentrated using a Centricon Ultracel YM-10 filter unit (Millipore), and an equal amount of protein from the cell lysate and media were analyzed by immunoblot. (b) EGFR, IGF-IR and P-Akt are present in the 100 000 Â g pellet from PIA-or Per-treated cell conditioned media. H157 cells were treated as in A, media were collected and centrifuged at 300 Â g (10 min), 1200 Â g (20 min), 10 000 Â g (30 min) and 100 000 Â g (1 h) then equal protein from the cell lysate, the 100 000 Â g media pellet and the 100 000 Â g supernatant were analyzed by immunoblot. (c) The 100 000 Â g media pellets from PIA or Per-conditioned media are enriched in the tetraspanins CD81 and CD151, and the raft marker Gia2, but do not contain markers of the early endosome (EEA1), lysosome (lamp2), nucleus (lamin A/C), endoplasmic reticulum (bip) or mitochondria (COXIV). H157 cells were treated with DMSO (D), P5 or Per for 1 h. The media were collected and centrifuged as in (b), followed by immunoblot analysis of equal amounts of protein from the cell lysate and media pellets we confirmed that desipramine alone did not significantly decrease sphingomyelinase activity at pH 7 ( Figure 4b , right panel), nor did GW4869 alter sphingomyelinase activity at pH 5 ( Figure 4c, right panel) .
To assess if blocking ceramide could alter the loss of growth factor receptors or P-Akt, cells were pre-treated with GW4869, followed by treatment with P5, PIA23, Per or miltefosine for 1 h (Figure 4d ). Pretreatment with GW4869 blocked the loss of EGFR, IGFR and P-Akt from cells, suggesting that ceramide was leading to nanovesicle release. To confirm this, the experiment was repeated and contents of the media were assessed (Figure 4e ). GW4869 pretreatment Figure 4 (a) PIA23, Per and miltefosine treatments (6 h) increase ceramide that may be blocked by sphingomyelinase inhibitors. Shown are fluorescent micrographs of H157 cells stained with an anti-ceramide antibody (red), nuclei are blue (DAPI). (b) Incubation with PIAs or Per increases SMPD3 activity. Cells were pre-treated with DMSO or 5 mM GW4869 for 2 h, followed by treatment with PIAs or alkylphospholipids for 1 h. Spingomyelinase activity in cell lysates was measured at pH 7, *Po0.5, **Po0.01. (c) Incubation with alkylphospholipids increases SMPD1 activity. Cells were pre-treated with DMSO or 25 mM desipramine for 2 h followed by treatment with PIAs and alkylphospholipids for 1 h. A two-step sphingomyelinase activity was performed at pH 5, *Po0.05. (d) GW4869 pretreatment decreases PIA or alkylphospholipid induced decrease in growth factor receptors and phospho-Akt in whole cell lysates. (e) PIA and Per-induced vesicle release is blocked by an inhibitor of SMPD3. H157 cells were pre-treated with 2.5 mM GW4869 for 30 min, followed by 1-h treatment with DMSO, P5 or Per. Media were collected and centrifuged as described in the Materials and Methods section. (f) Pretreatment with desipramine, an SMPD1 inhibitor, decreases release of nanovesicles induced by Per. (g) Treatment with exogenous ceramide leads to nanovesicle release. H157 cells were treated with DMSO (D), 25 mM C2, C6 or C12 ceramide or 5 mM Per for 8 h. Media were centrifuged as described in the Materials and Methods section. Des ¼ 50 mM desipramine; P5 ¼ 10 mM P5; and Per ¼ 10 mM Per blocked PIA and Per induced decreases in P-Akt in the cell lysates, and inhibited the increase in EGFR, IGFR, Gia2, CD151 and CD81 released into the media, strongly suggesting that ceramide generation by SMPD3 is driving the nanovesicle release. Similar results were obtained with the A549 cell line (Supplementary Figure S8) . Pretreatment of H157 cells with an SMPD1 inhibitor blocked the cellular decrease in P-Akt, and partially abrogated the nanovesicle release in response to Per, but not P5 (Figure 4f ). These differences could be explained by differences in specificity of the inhibitors and/or differences in affinity for classes of sphingomyelinases.
To assess whether exogenous ceramide could recapitulate effects of alkylphospholipids and PIAs, H157 cells were treated with C2, C6 or C12 ceramide, and the contents of the 100 000 Â g pellet were analyzed. All three forms of ceramide increased levels of EGFR and IGF-IR in nanovesicles, but the greatest increases were observed with C2 ceramide. Levels of EGFR and IGF-IR in nanovesicles induced by exogenous ceramide were similar to those induced by Per (Figure 4g ). These results indicate that exogenous ceramide can cause nanovesicle release, and are consistent with the observation that PIAs and alkylphospholipids cause nanovesicle release by stimulating sphingomyelinase activity and generating ceramide.
Ceramide leads to cell detachment and death. As ceramide causes morphological changes 11 and death, we treated cells with the SMPD3 inhibitor, followed by PIA23, Per or miltefosine. After 6 h, cells began to round up and detach, and this was blocked by pretreatment with GW4869 ( Figure 5a ). GW4869 also inhibited morphological changes induced by P5 (Figure 5a , lower images), but not exogenous C2 ceramide, which still caused cell detachment and death even in the presence of the SMPD3 inhibitor. To confirm that SMPD3 is involved in the mechanism of ceramide generation and death, siRNA against SMPD3 was transfected into H157 cells. Knockdown of SMPD3 greatly abrogated the morphological changes (Figure 5b Figure 5c, top panels) . Next, we overexpressed V5-tagged neutral and SMPD1 in H157 cells and assessed the impact on PIA-or Per-induced cell death (Figure 5d ). Overexpression of either isoform increased cell rounding and cell detachment induced by the compounds. SMPD3 increased death in response to PIA23 and miletosine, but only increased death in response to Per slightly. In this experiment, P5 caused complete cell death, therefore the impact of SMPD3 or SMPD1 overexpression could not be assessed. SMPD1 transfection greatly increased death in response to PIA23, Per and miltefosine. As SMPD1 overexpression increased and SMPD1 knockdown decreased death in response to Per, this may suggest that acid sphingomyelinse is the more important isoform responsible for ceramide generation and Per-induced cell death.
P5 and Per increase circulating levels of tumor-derived nanovesicles. As PIAs and Per are being developed as cancer therapeutics, we assessed the release of nanovesicles in an in vivo tumor model. Athymic mice bearing H157 tumor xenografts were given a single intraperitoneal (i.p.) injection of 90 mg/kg P5 or vehicle, blood plasma was harvested 1 h later and nanovesicles were isolated using differential centrifugation. Similar to our in vitro results, P5 greatly increased levels of EGFR, IGFR and P-Akt S473 in the 100 000 Â g plasma pellet of P5-treated mice (Figure 6a and Supplementary Figure S6A) , confirming that nanovesicle release also occurs in vivo. P5 also decreased p-Akt levels in the tumors of the mice (Supplementary Figure S6A, bottom  panel) . To confirm that nanovesicles were being shed from tumor cells, H157 cells were stably transfected with an EGFR-GFP fusion protein, and transfected cells were injected subcutaneously into nude mice and grown as xenografts. Mice were treated i.p. with vehicle, 90 mg/kg P5 or 40 mg/kg Per. Plasma was harvested 1 h later, and analysis of the 100 000 Â g plasma pellets was performed as before. P5 and Per increased tumor-derived, GFP-tagged EGFR in the 100 000 Â g pellet, suggesting that vesicles were shed from the tumors (Supplementary Figure S6B) .
PIA or Per-induced nanovesicles can be taken up by recipient cells. Because the fate of circulating nanovesicles is unknown and because recent studies suggest cellular nanovesicles have a role in intercellular communication, we assessed whether nanovesicles shed in response to PIA or Per could be taken up by recipient tumor cells. H157 cells stably transfected with EGFR-GFP were treated with DMSO, P5 or Per for 1 h. The media from these cells were centrifuged at the different speeds, and the 100 000 Â g media pellets were added to recipient H157 cells that did not express EGFR-GFP. Nanovesicle uptake was monitored using fluorescence microscopy. Within a few hours, cells that received the nanovesicle fraction from PIA or Per-treated donor cells exhibited increased intracellular fluorescence. Cells that received the pellet from DMSO-treated donor cells did not show increased fluorescence. Fluorescent labeling of the recipient cells persisted after the cells were extensively washed and refed with media, suggesting the cells had incorporated the nanovesicle contents (Figure 6b ).
PIA or Per-induced nanovesicles decrease cell proliferation and induce ceramide when transferred to recipient cells. The fact that P5 or Per-induced nanovesicles contain proteins such as EGFR, IGFR and p-Akt suggests that uptake of nanovesicles by recipient cells might promote cell growth or survival. To test this, the 100 000 Â g media pellet from 1-h-treated EGFR-GFP H157 donor cells was collected, washed with PBS and given to recipient H157 cells for 72 h, at which time proliferation was assessed. Nanovesicles were collected from either one or three donor flasks. Nanovesicles from PIA-or Per-treated cells decreased proliferation of recipient cells in a dose-dependent manner (Figure 6c ). Recipient cells also became refractile and looked unhealthy with longer incubation times. Increased refractivity is also observed when PIAs or Per are incubated with cells directly, suggesting that there might be carryover of the compounds within nanovesicles that is transferred to the recipient cells. To assess this, recipient cells were pre-treated or not with the SMPD3 inhibitor GW4869 for 2 h, followed by the 100 000 Â g media pellet from P5-or Per-treated EGFR-GFP H157 cells. Ceramide generation was assessed with an anti-ceramide antibody. Staining with an anti-ceramide antibody showed increased ceramide in the recipient cells that could be blocked by GW4869 pretreatment, suggesting the presence of the compounds in the donor pellet (Figure 6d ). These data suggest the toxicity of PIAs or Per might be augmented via nanovesicle transfer and uptake in neighboring cells.
Discussion
These studies identify sphinomyelinase-dependent generation of ceramide as a class effect of alkylphospholipids and PIAs. PIAs and Per have related chemical structures, as each is comprised of a hydrophobic head group, a phosphate linker and a lipid side chain. Wu et al. 12 recently showed that SMPD3 possesses an anionic phospholipid-binding site that can stimulate its activity, suggesting that sphingomyelinase activation by PIAs and Per might be direct. In addition, resistance to alkylphospholipids was shown to correlate with levels of sphingomyelin. Van der Luit et al. 13 showed that downregulation of sphingomyelin synthase abrogates alkylphospholipid-induced cytotoxicity, and a cell line with induced resistance to alkylphospholipids had decreased sphingomyelin and sphingomyelin synthase. As sphingomyelinase cleaves sphingomyelin to generate ceramide, this suggests the cellular response to alkylphospholipids is sensitive to sphingomyelin levels and the conversion of sphingomyelin to ceramide. Of note, several ceramideinducing therapies were shown to synergize with Per. [14] [15] [16] The loss and transfer of cellular components in nanovesicles is consistent with the loss of protein expression by Per that has been reported by Fu et al. 17 They showed that Per decreased components of the PI3K/mTOR/Akt pathway, such as Akt, raptor, rictor, mtor, p70S6K and 4EBP-1. Although these investigators showed that proteasomal degradation was important, it is possible that a portion of these proteins could be contained in extracellular nanovesicles. Stimulation of nanovesicle release by PIAs or Per did not depend on Akt inhibition, which agrees with previous studies demonstrating PIAs fuction through a distinct mechanism from other PI3K/Akt pathway inhibitors and target other proteins in addition to Akt. 2, 3, 5 In contrast to LY, MCD caused similar effects with different kinetics, suggesting that some of the biological activities of these compounds might be due to raft disturbance. Consistent with this, Per was shown to be taken up through, accumulate in, and alter lipid raft components. 18, 19 The fact that P5 and Per increased the lipid raft protein Gia2 in the 100 000 Â g pellet suggests that PIAs and Per stimulate shedding of raft components in vesicles, a phenomenon that has been described previously. 20 Cell-derived nanovesicles can originate from a multivesicular endosome (termed exosome) or budding of the plasma membrane. 21, 22 Trajkovic et al. 10 showed SMPD3-mediated ceramide generation was required for formation of multivesicular endosomes and exosome release. More recently, SMPD1 was shown to regulate cytotoxic granule secretion by T cells and microparticle release from glioma cells. 23, 24 In our study, P5-stimulated a 2-fold induction in ceramide levels, and Per can induce ceramide. 25 Ceramide induction was important because PIA-and Per-induced nanovesicle release was blocked by pretreatment with a SMPD3 inhibitor, and Per-induced nanovesicle release was partially blocked by an SMPD1 inhibitor. Consistent with the mechanism of vesicle shedding, alkylphospholipids were shown to increase cholesterol efflux. 26 In addition, treatment with exogenous ceramide increased EGFR, IGFR, CD151 and CD81 in the media. These data suggest that ceramide generation underlies the release of nanovesicles from cancer cells mediated by PIAs and Per.
What are the implications of nanovesicle release for use of these lipid-based Akt inhibitors in cancer therapy? A number of studies have reported detrimental effects of nanovesicles, including tumor promotion, 27 angiogenesis 28,29 and immune suppression. Others have shown immune stimulation through exosomal presentation of antigen to dendritic cells, 30, 31 and vaccination with patient-derived exosomes is being investigated as a cancer immunotherapy. 32 A few cytotoxic cancer therapies have been shown to increase nanovesicle release from cancer cells, 33, 34 but their impact on neighboring cells was not assessed. We found that PIA or Per-induced nanovesicles could be taken up by recipient tumor cells, and this mimicked the effect of the original drug treatment, including ceramide induction and increased cytotoxicity. We believe this is the first report of secondary pharmacological effects via drug transfer in nanovesicles. In addition, because membrane vesicles have been isolated from various body fluids, [35] [36] [37] [38] it is possible these could serve as a biomarker of PIA or Per administration. For example, plasma ceramide has been used as a therapeutic biomarker. 39 In summary, we have identified release of nanovesicles through ceramide induction as a novel class effect of lipidbased Akt inhibitors. Ceramide induction also contributes to P-Akt inhibition and death. The mechanism of targeted agents is important to their clinical development. Although these agents have been primarily thought of as Akt inhibitors, few efforts have been made to assess Akt in patient samples in Per clinical trials. As ceramide is required for cytotoxicity, this may explain why Per has had some success in myeloma, WM and sarcoma clinical trials, yet limited efficacy in other solid tumors. In addition, this study expands the list of proteins that may contribute to PIA or Per-induced cytotoxicity. EGFR and IGF-IR are valid targets in cancer therapy, and developing agents that inhibit oncogenic signaling through receptor tyrosine kinases such as EGFR and IGFR is an intense area of research in oncology. Current strategies include blocking ligand binding, inhibiting kinase activity or inducing receptor degradation. Secretion in cellular nanovesicles may now be added to the potential ways that drugs might inhibit these important growth regulators in tumors.
Materials and Methods
Cell culture and reagents. H157 and H460 human NSCLC cell lines were obtained from NCI/Naval medical oncology (Bethesda, MD, USA), and A549 NSCLC cells were obtained from the ATCC (Manassas, VA, USA). Cell lines were maintained in RPMI 1640 medium containing 5 or 10% FBS, at 37 1C in a 5% CO 2 atmosphere. Methyl-b-cyclodextrin and C2 ceramide were purchased from Sigma (St. Louis, MO, USA). EGF and IGF-I were obtained from R&D Systems (Minneapolis, MN, USA). GW4869 was obtained from EMD Biosciences (San Diego, CA, USA). Antibodies to EGFR, P-EGFR Y1068, IGF-IRb, P-IGF-IR Y1131, P-Akt S473, P-Akt T308, Akt, P-p38 T202/Y204, Lamin A/C, Bip, Cox IV and b-actin were purchased from Cell Signaling (Danvers, MA, USA). CD151, CD81, lamp2 and Gia2 antibodies were procured from Santa Cruz Biotechnology (Santa Cruz, CA, USA). C6 and C12 ceramide were obtained from Avanti Polar Lipids (Alabaster, AL, USA) and were dissolved in DMSO. Media concentration was performed using a Centricon Ultracel YM-10 filter unit (Millipore, Billerica, MA, USA). Perifosine was obtained from the Developmental Therapeutics Program, NCI (Frederick, MD, USA). PIAs were synthesized as described previously.
40 V5-tagged plasmids to SMPD3, or SMPD1 were from Y Hannun. Taqman assay for SMPD1 and nontargeting, SMPD1 and SMPD3 siRNA were obtained from Applied Biosystems (Carlsbad, CA, USA).
Immunoblotting. Cells were lysed in 2X LSB as described previously. 41 Proteins were separated by SDS-PAGE then transferred to nitrocellulose membranes. Membranes were blocked in blocking buffer (1X TBS, 5% milk and 0.1% Tween-20) and placed in primary antibody overnight at 4 1C. The following day, membranes were washed in wash buffer (0.1% Tween-20, 1X TBS). Primary antibody was detected using horseradish peroxidase-linked secondary antibodies and visualized with the ECL western blotting detection system (GE Healthcare, Piscatway, NJ, USA). Immunoblot experiments were performed at least three times.
Electron microscopy. The 100 000 Â g media pellet from P5-or Per-treated cells was fixed in 4% paraformaldehyde, and dropped onto formavar carbon-coated grids. The grids were stained with uranyl acetate, and viewed in a Philips CM10 transmission electron microscope (Philips Research, Eindhoven, The Netherlands).
Creation of EGFR-GFP H157 cell line. An eGFP-EGFR plasmid provided by Dr. Alexander Sorkin, University of Colorado was transfected into H157 cells using the Amaxa nucleofection system (Lonza, Basel, Switzerland). Cells with stable integration were selected using G418.
Time-lapse microscopy. H157 cells were plated in Lab-Tek chambered coverglasses (Thermo Fisher Scientific, Waltham, MA, USA) in RPMI þ 5% FBS and allowed to grow overnight. Before imaging, cells were washed with PBS and stained with FM 1-43X (Invitrogen, Carlsbad, CA, USA) in HBSS for 1 min on ice, then washed twice with PBS and fresh RPMI þ 0.1% FBS was added to the chamber. Cells were immediately imaged with a Zeiss NLO microscope (Carl Zeiss Microscopy LLC, Thornwood, NY, USA) for a period of 1 min before P5 addition. Imaging of the same cells resumed following dosing with P5 after a delay of B15 s, for a period of 2 min.
Cell culture media concentration and fractionation (nanovesicle isolation). For the initial assessment of cell culture media, media from a T75 flask were concentrated (B30 Â reduction in volume) using a Centricon Ultracel YM-10 filter unit (Millipore), and immunoblot analysis was performed on 1/10 of the remaining media volume. In the remaining experiments, media from either a T75 flask (6 Â 10 6 cells) or three wells of a six-well plate (1.5 Â 10 6 cells) were centrifuged at 300 Â g (10 min), 1200 Â g (20 min) and 10 000 Â g (30 min) to remove whole cells and debris, then centrifuged at 100 000 Â g for 60 min and the pellet was resolubilized in 2X LSB 41 for immunoblotting or fixed in 4% neutral buffered formalin for EM studies.
Ceramide assay. The diacylglycerol kinase assay was performed in triplicate as described previously. 42 Sphingomyelinase assay. The Amplex red sphingomyelinase assay was performed according to the manufacturers instructions (Invitrogen).
Pharmacologic treatment. Cells were grown in RPMI þ 5% FBS. Media were removed from cells, washed Â 1 with PBS then treated with PIA or Per in RPMI þ 0.1% FBS for the indicated times.
Immunofluorescence. Cells were fixed with 4% paraformaldehyde and stained with an anti-ceramide primary antibody (MID 15B4) from Alexis/Enzo Life Sciences (Plymouth Meeting, PA, USA), and an anti-IGM texas red-conjugated secondary antibody (cat#1021-07, Southern Biotech, Birmingham, AL, USA).
Transfection experiments. SMPD1 and SMPD3 siRNA or plasmids were delivered to cells using the Amaxa nucleofector system.
In vivo study. Female athymic nude mice were injected subcutaneously with H157 cells in both rear flanks. When tumors were B300 mm 3 , mice were given a single i.p. injection of 90 mg/kg P5 in 10% DMSO/saline/0.5% tween 80 or 40 mg/ kg Per dissolved in saline. After 1 h, mice were anesthetized and cardiac puncture was performed. Blood was collected in BD Microtainer tubes (#365985, BD, Franklin Lakes, NJ, USA), and plasma was isolated as per the manufacturer's instructions. An equal volume of plasma from each mouse was centrifuged at 300 Â g for 10 min, 1200 Â g for 20 min and 10 000 Â g for 30 min. Each sample was diluted 1 : 10 in PBS and finally spun at 100 000 Â g for 1 h. The 100 000 Â g pellet was resolubilized in 2 Â LSB and was run on a 10% PAGE gel. In vivo experiments were performed twice and were conducted under a protocol approved by the NCI Animal Care and Use Committee.
Nanovesicle transfer experiments. In all, 6 Â 10 6 EGFR-GFP H157 cells (donor) were treated with DMSO, 10 mM P5 or 10 mM Per for 1 h. Media were collected and spun at 300 Â g (10 min), 1200 Â g (20 min), 10 000 Â g (30 min) and 100 000 Â g (60 min). The final 100 000 Â g pellet was washed with PBS and recollected by centrifugation for an additional hour. This was added to 20 000 recipient H157 (parental) cells growing in an 8-well chamber slide. Recipients were washed five times with RPMI þ 5% FBS after 72 h and fixed in 4% paraformaldehyde before DAPI staining and imaging using a Zeiss LSM 510 microscope. Alternatively, recipient cells were fixed and stained with an anticeramide antibody, followed by an anti-IGM texas-red secondary antibody then imaged by fluorescence microscopy.
Statistics. Significant differences between treatment groups were assessed using a non-paired Student's t-test.
